Traumatic brain injury (TBI) is a major public health issue, and yet medical science has little to offer for the persistent symptoms that prevent many of these individuals from fully re-entering society. Post-traumatic hypopituitarism, and specifically growth hormone deficiency (GHD), has been found in a large percentage of individuals with chronic moderate to severe TBI. Presently, there are no published treatment studies of hormone replacement in this population. In this study, 83 subjects with chronic TBI were screened for hypopituitarism. Forty-two subjects were found to have either GHD or GH insufficiency (GHI), of which 23 agreed to be randomized to either a year of GH replacement or placebo. All subjects completed the study with no untoward side effects from treatment. A battery of neuropsychological tests and functional measures were administered before and after treatment. Improvement was seen on the following tests: Dominant Hand Finger Tapping Test, Wechsler Adult Intelligence Scale III-Information Processing Speed Index, California Verbal Learning Test II, and the Wisconsin Card Sorting Test (executive functioning). The findings of this pilot study provide preliminary evidence suggesting that some of the cognitive impairments observed in persons who are GHD/GHI after TBI may be partially reversible with appropriate GH replacement therapy.
Introduction
T raumatic brain injury (TBI) is a major health problem.
It is the leading killer and disabler of young adults under the age of 35, and the annual cost of acute care and rehabilitation is estimated to be over 10 billion dollars per year (National Institutes of Health, 1998) . Although pituitary dysfunction following TBI was reported as early as 90 years ago (Cyran, 1918) , the possibility that acute brain injury can cause pituitary dysfunction has only recently been appreciated. Subsequent literature reviews (Benvenga et al., 2000; Edwards and Clark, 1986 ) demonstrated that hypopituitarism following TBI is not a rare phenomenon. This resulted in numerous cohort studies that demonstrated chronic hypopituitarism in 25-40% of persons with moderate to severe TBI (Bondanelli et al., 2007; Kelly et al., 2006; Lieberman et al., 2001; Schneider et al., 2008) . The somatotroph and gonadotroph axes have been consistently shown to be the most vulnerable following TBI (Dusick et al., 2008) . Growth hormone deficiency (GHD) is the most common deficiency, affecting approximately 20% of persons with TBI (Agha et al., 2007) . The correlation of the severity of the TBI with an increased risk of GH deficiency has not been consistently demonstrated (Bondanelli et al., 2004; Kelly et al., 2000) .
TBI results in cognitive impairments in memory, executive functioning, and information processing speed (Draper and Ponsford, 2008; Levin et al., 1992) , and few treatments are available for chronic impairments Landis et al., 2006; Sander et al., 2001; Seale et al., 2002) . Most strategies for intervention have focused on acute interventions with neuroprotective agents (Clifton, , 2004 Empey et al., 2006; Narayan et al., 2002) . Pharmacological (Levin et al., 1986; Plenger et al., 1996; Poole and Agrawal, 2008) , and cognitive interventions for persons with chronic TBI have met with marginal success (Cicerone et al., 2000 (Cicerone et al., , 2005 High et al., 1995 High et al., , 2005 Sohlberg and Mateer, 1987) .
Despite the clear evidence that large numbers of persons with TBI have GHD, very few are actually screened for pituitary dysfunction, possibly because the establishment of a linkage between GHD and cognitive impairment after TBI has not been definitively made (Beca et al., 2008) . Moreover, the literature on GH replacement after TBI is scant. In this study we examined the effects of 1 year of GH replacement in persons who were GH deficient/insufficient more than 1 year after sustaining a moderate to severe TBI. We administered a comprehensive battery of neuropsychological tests and functional measures before and after GH replacement or placebo therapy, to determine if GH replacement resulted in improvement in cognition, motor speed, and everyday functioning.
Methods

Screening
After informed consent, 83 subjects were screened for GH deficiency at the General Clinical Research Centers (GCRC) of either the University of Texas Medical Branch at Galveston or Baylor College of Medicine. Subjects were all persons with moderate to severe TBI recruited from the Transitional Learning Center in Galveston, Texas, or from The Institute for Rehabilitation and Research in Houston, Texas. All participants were at least 1 year post-injury, with most being several years post-injury. Growth hormone levels can vary over the first year post-injury, but stabilize after 1 year (Aimaretti et al., 2005; Klose et al., 2007) .
Subjects arrived fasting in the morning to the GCRC. Blood was drawn for GH, testosterone, luteinizing hormone (LH), follicle-stimulating hormone (FSH), cortisol, free thyroxine (T 4 ), thyroid-stimulating hormone (TSH), prolactin, and insulin-like growth factor (IGF-1). A glucagon stimulation test (GST) was performed after the initial blood draw. The GST was chosen because it has been shown to compare favorably with the insulin tolerance test, which is considered the gold standard for provocative testing for GH deficiency (Littley et al., 1989) . The GHRH-arginine stimulation test is not currently available in the United States (Yuen et al., 2009 ). Glucagon stimulates the release of GH from the pituitary by a mechanism that is not well understood. Glucagon was given (1 mg IM), and blood was sampled at 90, 120, 150, and 180 min for GH. For cortisol deficiency, we performed a cosyntropin stimulation test. Cosyntropin (250 mg IV push) was given and cortisol was measured before and 45 min after injection. If the response was less than 18 ng/mL, then the subject was designated as having cortisol deficiency. The subjects that had a GH response of 3 ng/mL or less to glucagon were designated as GH deficient (GHD). Subjects with a GH response greater than 3 ng/mL but less than 8 ng/mL were designated as GH insufficient (GHI). Subjects were diagnosed with hypothyroidism if the free T 4 was below normal, and the TSH was normal or low. Subjects found to be deficient in cortisol or thyroid were replaced with that hormone, but were not studied in this protocol. The GST was performed only once prior to enrollment in the study.
Subjects
Forty-three of the 83 subjects were found to have GH deficiency/insufficiency. Twenty-three of the 43 persons with TBI and GH deficiency/insufficiency agreed to be randomized, evaluated (baseline) with neuropsychological and functional measures, and treated for 1 year with active rhGH (n ¼ 12) or placebo (n ¼ 11). Subjects were consented into the study in two phases: (1) screening for GHD, and (2) enrollment in the replacement trial. More subjects agreed to be screened for GHD than agreed to participation in the treatment trial, which involved a commitment to receiving daily injections for a full year, not knowing if they would be receiving GH or placebo. There was no bias in the subjects who agreed to participate in the trial with respect to age, education, or severity of injury. Both the participants and the evaluators were blinded as to which treatment group the participants were assigned to until after the 1-year evaluations were complete. Table 1 demonstrates that the two groups were comparable with respect to age, education, initial injury severity (initial post-resuscitation Glasgow Coma Scale [GCS] score, or lowest GCS score in the case of patients who deteriorated after admission), level of disability (Disability Rating Scale [DRS]), and level of supervision needed (Supervision Rating Scale [SRS]), at the time of initial evaluation for the study. The subjects were primarily persons with severe TBI. A small percentage of moderate patients were included, but all were severe enough to require inpatient rehabilitation services. There was a statistical trend for the two groups to differ with respect to time between injury (in years) and study enrollment (t ¼ 2.0, df ¼ 21, p < 0.058). Despite randomization, the group treated with active GH had a number of very chronically injured participants (ranging from 1.8-33.9 years post injury), compared to the placebo group (1.9-13.8 years). However, both groups had very chronic injuries, and all subjects were far past the point of any spontaneous recovery. Figure 1 shows that the two groups were very similar with respect to their initial peak GH levels (all subjects were below 8 ng/mL). No statistically significant differences were seen between the groups. Although the mean values of the two groups did not differ, inspection of the distribution of the initial GH levels shows that the placebo group had more of a bimodal distribution, with clusters of subjects in the very low The groups were comparable for age, education, initial severity of traumatic brain injury, and level of persisting disability when starting participation in the study. The difference between the groups for time since injury was nearly significant ( p < 0.058). The placebo group ranged from 1.9-13.8 years post-injury when they began the study, and the treatment group ranged from 1.8-33.9 years post-injury.
DRS, Disability Rating Scale; SRS, Supervision Rating Scale; SD, standard deviation; GCS, Glasgow Coma Scale; rhGH, recombinant human growth hormone. end and at the upper end of the insufficient range. In contrast, the treatment group had a more even distribution of initial GH levels. Given the small sample size, it was decided to covary the initial GH level to ensure that the two groups were as equivalent as possible with respect to initial GH level.
Procedures
After screening, adults that were GH deficient/insufficient as determine by the GST were randomly assigned to either placebo or rhGH replacement. The rhGH dose was started at 200 mg/d, and then increased by 200 mg every month to 600 mg, at which point an IGF-1 level was drawn. The subject's dose was titrated up if needed to achieve an IGF-1 level in the upper half of the normal range. Those on placebo also had their dose similarly adjusted. The subjects were treated with daily injections of either placebo or rhGH for 1 year. Figure 2 shows the IGF-1 response to GH replacement versus treatment with placebo. Participants treated with rhGH showed substantially improved IGF-1 levels at the end of the trial compared to participants receiving placebo. Subjects receiving placebo showed no improvement in their IGF-1 levels; in fact, IGF-1 levels declined somewhat, but not significantly. Baseline neuropsychological testing was performed before treatment, as was an assessment of physical function, including muscle biopsy, peak oxygen consumption (VO 2 ), muscle strength (1-RM), and dual-energy x-ray absorptiometry (DEXA), to assess lean body mass (LBM) and fat mass. These parameters were re-assessed at 6 months and 1 year. Results of rhGH effects on physical functioning will be reported elsewhere.
Neuropsychological tests
The participants were administered measures that assessed neuropsychological and functional abilities. The neuropsychological measures assessed language, visual/spatial functioning, upper extremity motor functioning, information processing efficiency, working memory/attention, learning and memory, executive functioning, intellectual functioning, and emotional functioning. Functional measures included an index of community participation in day-to-day activities (Community Integration Questionnaire, CIQ). The tests included are listed in Table 2 .
Statistical analysis
Data from each of the above tests were analyzed using a separate mixed repeated-measures analysis of covariance (ANCOVA) with a Greenhouse-Geisser correction. Analyses were conducted between the active rhGH and placebo groups, while the peak GH response to GST was used as a covariate to attempt to equate the two groups with respect to initial GH level. The within-subjects variable was assessment points FIG. 1. Peak growth hormone response to glucagon stimulation test prior to rhGH replacement (rhGH, recombinant human growth hormone; IGF-1, insulin-like growth factor-1).
FIG. 2.
Initial versus final IGF-1 levels after 1 year of replacement with rhGH or treatment with placebo (IGF-1, insulin-like growth factor-1; rhGH, recombinant human growth hormone).
(baseline, 6 months, and 1 year). Two-way (treatment group by time), and three-way (treatment group by time by initial GH level), interactions were tested. In this analysis, a significant two-way interaction between treatment group (active rhGH or placebo) and time (baseline, 6 months, and 12 months) indicates differences in the effect of the treatments over time. A significant three-way interaction indicates that the effect of treatment type over time also depends on the initial level of GH.
For each analysis with a significant two-or three-way interaction, several post-hoc comparisons were run in order to further understand the source of the interactions. Within each treatment group, paired t-tests were run comparing baseline to performance at 6 and 12 months. Comparisons between the treatment groups were also made at each time point using t-tests. In all comparisons, we expected cognitive improvements for the active rhGH group compared to the placebo group. The number of subjects varied slightly across tests, as not every subject was able to take every test secondary to motor difficulties or the subject having to leave before completion of all of the tests. The missing values did not affect the data in any systematic way. The exact numbers of subjects for the most relevant tests are shown in the figures.
Results
The results of the analyses for all neuropsychological tests and outcome measures are shown in Table 3 . There were no differences between the groups on most of the measures. However, differential improvement between the treatment and placebo groups was observed on four of the measures. There were insufficient numbers of subjects to analyze the effects rhGH replacement separately for persons who were GH-insufficient versus those who were GH-deficient. In general, the effect of rhGH replacement was greater for persons who were deficient. 
Finger tapping
Improvements were observed in simple upper extremity motor speed in the dominant hand (Fig. 3 ). The interaction (tested in the ANCOVA model) between treatment group and time tested was significant (F (2,32) ¼ 5.45, p < 0.01), indicating differential improvement in performance of the treatment group versus the placebo group. Post-hoc paired t-tests showed significant improvement in motor speed from baseline to 1 year for the active rhGH group (t ¼ À3.31, p < 0.01), but not for the placebo group (t ¼ 1.05, p > 0.05). The differential improvement was seen for the dominant hand only. A case-by-case analysis revealed that virtually every person in the rhGH group improved in their dominant-hand performance.
WAIS-III: Processing Speed Index
Similar results were seen for cognitive processing speed on the Processing Speed Index from the Wechsler Adult Intelligence Scale-III (WAIS III; Fig. 4) . Although the interaction between time and group failed to reach significance (F (2,32) ¼ 1.25, p > 0.05), there was a three-way interaction between time, group, and the peak GH response to GST (F (4,36) ¼ 2.80, p < 0.05). Pairwise comparisons using a Bonferroni correction indicated that the active rhGH group demonstrated statistically significant improvement from baseline to 1 year ( p < 0.05). While the placebo group showed some improvement from baseline to 6 months ( p < 0.01), the pairwise comparison from baseline to 1 year failed to reach significance ( p > 0.05).
Wisconsin Card Sorting Test: Total Correct
A three-way interaction for time by group by the peak GH response to GST was also seen for the Wisconsin Card Sorting Test-Total Correct (F (2,38) ¼ 3.71, p < 0.01). Post-hoc pairwise comparisons, covaried for the peak GH response to GST, in-dicated a trend in which the active rhGH group showed greater scores than the placebo group at 12 months, although this difference failed to reach significance ( p ¼ 0.2; Fig. 5 ).
California Verbal Learning Test-II: Learning over trials 1-5
The interactions between time and treatment group were not statistically significant using multivariate ANCOVA. However, a significant improvement over time for learning   FIG. 3 . Finger Tapping-Dominant Hand. Significant improvements were observed for participants treated with active rhGH, but not for participants receiving placebo. The interaction between treatment group and time tested was significant, indicating differential improvement in performance of the treatment group versus the placebo group. Posthoc analysis showed significant improvement in motor speed from baseline to 1 year for the active rhGH group, but not for the placebo group (rhGH, recombinant human growth hormone; GH, growth hormone).
FIG. 4. Processing Speed Index. Significant improvements were observed for participants treated with active rhGH. While a significant improvement was seen for the placebo group from baseline to 6 months, the improvements from baseline to 12 months, and from 6 months to 12 months, were not significant. Pairwise comparisons indicated that the active rhGH group demonstrated improvement from baseline to 1 year. The placebo group showed some improvement from baseline to 6 months (rhGH, recombinant human growth hormone; GH, growth hormone).
FIG. 5.
Wisconsin Card Sorting Test-Total Correct. A threeway interaction for time by group by the peak GH response to GST was observed. Post-hoc pairwise comparisons indicated a trend in which the active rhGH group showed significantly greater scores than the placebo group at 12 months, although this difference failed to reach statistical significance (rhGH, recombinant human growth hormone; GH, growth hormone; GST, glucagon stimulation test). and memory was demonstrated on the California Verbal Learning Test-II (CVLT-II) for the rhGH group, but not for the placebo group (F (2,18) ¼ 4.21, p < 0.05; Fig. 6 ).
Discussion
The mechanism for the effect of GH on cognition in humans is not well-understood. GH receptors are located throughout the brain. From the animal literature, it is clear that GH and IGF-1 play a role in modulating the N-methyl-d-aspartate (NMDA) receptor. GH influences the NMDA receptor system in the hippocampus, an essential component of long-term potentiation, which is highly involved in memory acquisition (Le Greves et al., 2006; Mahmoud and Grover, 2006) . Furthermore, there may be a relationship between the NMDA receptor subunit mRNA expression levels and learning ability. Learning is improved by GH replacement in rats that have had their pituitaries removed (Le Greves et al., 2006) . Additionally, following CNS injury, IGF-1 has also been found to increase progenitor cell proliferation and numbers of new neurons, oligodendrocytes, and blood vessels in the dentate gyrus of the hippocampus (Aberg et al., 2006) . In contrast, deficiency in GH and IGF-I decreases survival of dentate granule neurons (Lichtenwalner et al., 2006) .
The effects of GH deficiency and replacement on cognition from causes other than TBI have been relatively well-studied in both childhood-onset and adult-onset GHD. Both have been associated with cognitive impairments in memory, attention/concentration (working memory), and information processing speed. (Baum et al., 1998; Deijen et al., 1996; Lijffijt et al., 2003; Peace et al., 1998; van Dam et al., 2005) . Replacement of GH in persons with childhood-onset GHD has shown improvement in these cognitive domains (Arwert et al., 2005) . Adults with GHD due to reasons other than TBI show similar improvements in impaired cognition with replacement therapy (Almqvist et al., 1986; Deijen et al., 1998; Oertel et al., 2004; Sartorio et al., 1995) . GH replacement has also been associated with improved quality of life (Bengtsson et al., 1993; Binnerts et al., 1992; McGauley, 1989) . Falleti and colleagues (2006) conducted a meta-analysis of 340 GH-deficient patients (non-TBI) across 14 studies, which demonstrated the link between GH and cognitive performance, which improved with GH replacement.
A recent study by Kelly and colleagues (2006) failed to find significant differences in persons who were GH-deficient after TBI on measures of memory and attention/concentration compared to persons with TBI who were GH-sufficient. The study did find a greater incidence of depression and decreased quality of life for the GH-deficient group. However, the study included only 8 persons who were GH-deficient. The deficient group performed more poorly on every cognitive measure reported, but the results did not reach statistical significance. It is likely that the study lacked sufficient power to detect group differences. Indeed, in a very recent study, Leon-Carrion and co-workers (2007) , with a slightly larger group of persons GH-deficient after TBI (n ¼ 11), were able to show GH-related cognitive impairment in attention, executive functioning, memory, and emotion, compared to persons with TBI without GH deficiency.
The effects of GH replacement in persons deficient following TBI have only recently been reported. Hatton and associates (2006) reported on the effects of replacing IGF-1 and GH to improve metabolic and nutritional end-points in the acute phase of recovery from moderate to severe TBI. Kreitschmann-Andermahr and colleagues (2008) reported improved quality of life following GH replacement after TBI, similar to that seen in persons with GHD from other causes. Tanriverdi and co-workers (2010) reported substantial improvements in body composition parameters, lipid profiles, and quality of life scores, in two retired boxers with GHD. Bhagia and associates (2010) reported a case study of GH replacement in a woman who was deficient after mild TBI. Improvement was observed in single muscle fiber, body composition, lower extremity strength, and oxygen consumption. Cognitive test performance did not improve significantly, but there were improvements in motor dexterity and speed.
The present pilot study is the first report of a double-blind, placebo-controlled design examining the impact of GH replacement on cognition for persons with GHD following moderate to severe TBI. The data need to be interpreted cautiously due to the small sample size and the large number of comparisons made. A large number of neuropsychological tests were used for this initial study to ensure that we were sampling from a large enough domain of cognitive measures that we would be able to detect the effect of rhGH treatment. The other major limitation of the small data set is that we are unable to fully examine the differential effect of rhGH treatment for persons who are GH-insufficient versus those who are GH-deficient. The significant three-way interactions would indicate that it may be an important factor. Our sample was too small to make any reliable comparisons, and we were forced to co-vary for initial GH levels using covariance. While inspection of individual cases tended to support the idea that replacement had the greatest impact on those with more severe injuries, it was also seen to have substantial impact on those with less severe injuries. Larger studies will need to systematically examine this issue. Another limitation of the study is that although both groups were chronically injured (by the design of the study), the actively-treated group had a number of individuals with more lengthy time between postinjury and study enrollment, despite the randomization pro-FIG. 6. California Verbal Learning Test-II-Trials 1-5 (CVLT-II). The interactions between time and treatment group were statistically significant using multivariate analysis of covariance. A significant improvement over time for learning and memory was demonstrated on the CVLT-II for the rhGH group, but not for the placebo group (rhGH, recombinant human growth hormone).
cess. However, it seems implausible to attribute the results to this discrepancy. Although both groups were far beyond any spontaneous recovery, the active group was more chronically injured, making it even harder for that group to show any spontaneous gains in function.
While the number of comparisons in the current study is large, the findings are extremely intriguing because they are consistent with the much larger body of literature on the effects of GH deficiency and GH replacement on cognition for etiologies other than TBI (Maruff et al. 2005; Faletti et al. 2006) . The results indicate improvement in simple motor speed, information-processing speed, executive functioning, and memory. Regardless of etiology, GH replacement in persons who are deficient results in improvements in informationprocessing speed and the storage of new information (episodic memory). Our data also indicate that the effects of GH replacement for GH deficiency after TBI may be even more widespread, as additional improvements were also seen in simple motor speed and in mental flexibility. The findings for finger tapping were especially intriguing. A clear effect for GH treatment was seen for improved motor speed for the dominant (more frequently used) hand, but not for the non-dominant hand. While this may be a chance finding, it suggests that the effect of GH replacement may be partially use-dependent. While there are examples of use-dependent therapies in stroke (Wolf et al., 2007) , this has not been described in the GHD literature.
The findings in this study examined only the effects of GH on cognitive and upper extremity motor performance. It is possible that the effects of GH replacement could be enhanced by simultaneous physical, occupational, and cognitive therapies. The effect of GH replacement on cognitive flexibility (Wisconsin Card Sorting Test) was also very encouraging, as problems with executive functioning are especially debilitating after TBI, and treatment of this problem is most difficult (Cicerone et al., 2005) .
Unlike the literature on GH replacement for etiologies other than TBI, we did not see improvements in our quality of life measure, the Community Integration Questionnaire (CIQ). The CIQ was chosen for the study based on its sensitivity in showing improvement due to treatment in post-acute rehabilitation . Some improvement was seen in the scores for the group receiving rhGH. The effects of treatment on quality of life will need to be tested in a larger sample.
Conclusion
For many years, investigators have assumed that all of the cognitive impairments in executive functioning, informationprocessing speed, and memory, were due solely to diffuse axonal injury and structural focal injuries to the frontal and temporal lobes. The findings from this study and from other recent studies indicate that in a significant proportion of persons with moderate to severe TBI, some of the observed cognitive impairments may actually be the result of GH deficiency, and could potentially be partially reversible with GH replacement therapy. Furthermore, there is the intriguing possibility that the effects of GH replacement may be partially use-dependent, raising the possibility that the effects of GH replacement may be maximized in the context of vigorous rehabilitation.
